Abstract. The requirement of mitogen-activated protein kinase (MAPK) for the initiation of meiotic maturation in porcine oocytes was examined using U0126, an inhibitor of MAPK activator. Immunoblot analysis and kinase assay showed that U0126 inhibited the phosphorylation and activation of MAPK incompletely in porcine oocytes. In this condition, maturation/M-phase promoting factor (MPF) activity was also inhibited and the rate of germinal vesicle breakdown (GVBD, 95%) was reduced to 42%. The classification of oocytes remaining at germinal vesicle stage (GV) and reached to second metaphase stage (M2) after 48h culture with U0126 revealed that GV oocytes had low MAPK and MPF activities while M2 oocytes had high activities in both kinases, suggesting the indispensability of MAPK activation for meiotic resumption of porcine oocytes. In mouse oocytes, however, the inhibition of MAPK activation by U0126 had no effect on GVBD nor MPF activation, consistent with previous reports using mos deficient mice. Additionally, we found that the inhibitory effects of U0126 needed the presence of cumulus cells because of the ineffectiveness of U0126 on denuded porcine oocytes. These results suggest that MAPK act as indispensable mediator of MPF activation and GVBD in porcine oocytes, like in Xenopus oocytes but not in mouse oocytes.
accepted to be a key component for the initiator of M-phase in all eucaryotic cells including oocytes [1] .
In contrast, little is known about the function of MAPK for meiotic maturation. MAPK is a serine/ threonine kinase phosphorylated and activated by MEK [6, 7] , an immediate upstream kinase of MAPK and also phosphorylated and activated by Raf-1 [8] or Mos [9] . In Xenopus oocytes, maturation is initiated by progesterone which induces the synthesis of Mos protein and subsequent activation of MEK and MAPK [9, 10] . In this species, MAPK activation is necessary and uring oocyte maturation, maturation/M-phase promoting factor (MPF) and mitogen-activated protein kinase (MAPK) are activated at germinal vesicle breakdown (GVBD), an indicator of meiotic resumption, in all species investigated [1, 2] . MPF is a protein kinase and phosphorylates many substrates inducing M-phase specific characteristics such as nuclear membrane disassembly [3] , chromatin condensation [4] , and microtubular reorganization [5] . At present, MPF has been well -Original-sufficient to induce MPF activation and GVBD [11, 12] . On the other hand, in mouse oocytes, MAPK is dispensable for the initiation of meiotic maturation because MPF activation and GVBD occurred normally in Mos knockout mouse oocytes in which MAPK activity was absent [13] [14] [15] . In many mammalian spices except mouse, it is not known whether MAPK is necessary for inducing GVBD or not.
It has been reported that the injection of mos mRNA and active MAPK into the nucleus resulted in accelerated resumption of meiosis in bovine [16] and porcine [17] oocytes, respectively. The translocation of active MAPK into the nucleus just before GVBD has also been shown in porcine oocytes [17] . These reports indicate that the MAPK activation is sufficient for promotion of meiotic maturation and suggest the involvement of MAPK activity in oocyte maturation of these species.
In the present study, in order to know the requirement of MAPK activation for the meiotic resumption in porcine oocytes, U0126, a potent inhibitor of MEK [18, 19] , was used for MAPK inhibition and its effect on MPF activation and the meiotic resumption in porcine oocytes were examined. For comparison, the effects of MAPK inhibition by U0126 were also studied in mouse oocytes in which the dispensability of MAPK for these processes has already been reported [13] [14] [15] . In addition, the contribution of cumulus cells to these processes was examined.
Materials and Methods

Collection and maturation of porcine oocytes in vitro
Ovaries of prepubertal gilts were collected at a local abattoir and transported to the laboratory at 37-39 C in saline. Oocytes with intact unexpanded cumulus cells were aspirated from follicles (2-5 mm in diameter) and washed three times in a modified Krebs-Ringer bicarbonate solution [20] containing 20% porcine follicular fluid, 1.0 IU/ml pregnant mare's serum gonadtropin (PMSG; Pramex; Sankyo, Tokyo, Japan) and 3.2 mg/ml BSA (fraction V; WAKO Pure Chemical Ind., Osaka, Japan). Groups of 10-20 oocytes were cultured up to 48 h in the medium described above at 37 C, 100% humidity and 5% CO2 in air. Some oocytes were cultured in the same way using medium containing 100 µM U0126 (V1121; Promega Corporation, Madison, WI). After culturing, oocytes were treated with 150 IU/ml hyaluronidase (type IV-S, Sigma, St Louis, MO) for a few minutes at room temperature, and the surrounding cumulus cells were removed by pipetting gently with a finebore pipette in saline supplemented with 0.1% polyvinyl-pyrrolidon (PVP, Av. Mol. Wt. 10000; Sigma). Some oocytes were examined for nuclear status by phase-contrast microscopy after fixation with acetic acid-ethanol (1:3) and staining with 1% aceto-orcein solution.
Classification of porcine oocytes
A part of oocytes cultured for 48 h with U0126 and denuded as described above was stained with 10 mg/ml Hoechest-33342 in culture medium for 15 min at 37 C. The oocytes were classified into two groups, remaining at germinal vesicle stage (GV) and reached to second metaphase stage (M2), with a fluorescent inverted-microscope (IMT-2; Olympus, Tokyo, Japan), then their MPF and MAPK activities were examined.
Collection and maturation of mouse oocytes in vitro
The mice used in this study were BDF-1 females (SLC Japan Inc. Tokyo, Japan), 7-9 weeks of age. Mice were stimulated with 1.5 IU PMSG before collecting oocytes. Full-grown oocytes with complete cumulus cells were collected in the same culture medium described above in the presence of 50 µg/ml 3-isobutyl-1-methylxanthine (IBMX: I-5879; Sigma) for inhibiting the spontaneous GVBD. The maturation culture were performed without IBMX for 8 h at 37 C, 100% humidity and 5% CO2 in air. After culturing, cumulus cells were removed as described above. Some oocytes were stained with Hoechest-33342 as described above, mounted on grass slides and examined their meiotic resumption with a fluorescent microscope (BHS-RFC; Olympus).
Assay of MPF and MAPK activities
Ten oocytes were lysed in 2.5 µl assay buffer (pH 7.2) composed of 15 mM EGTA, 1% Nonidet p-40, 60 mM sodium β-glycerophosphate, 30 mM p-nitrophenylphosphate, 25 mM Mops, 15 mM MgCl2, 0.2 mM Na3VO4, 1 mM dithiothreitol, 2 µg/ ml leupeptin, 2 µg/ml aprotinin, 1 µg/ml pepstatin, 1 mM phenylmethylsulphonylfluoride and 50 µM p-aminobenzoic acid, and frozen at 80 C until used. MPF and MAPK activities were represented by histone H1 kinase and MBP kinase activities, respectively, as described in previous reports [21, 22] . The lysate (2.5 µl) was added 2.5 µl of 2.5 µM cAMP-dependent protein kinase inhibitor (Sigma), 5 µl of 2 mg/ml histone H1 (Sigma), 2.5 µl of 10 mg/ml MBP (Sigma) and 5 µl of 0.1 mM [γ-32 P]ATP (0.4 mCi/ml; Amersham Pharmacia Biotech, Backinghamshire, HP7 9NA, England), and the reaction was performed at 37 C for 1 h. Then the lysate was added 5 µl of 5 × Laemmli buffer, denatured at 100 C for 5 min and subjected to SDS-PAGE [23] . The bands of phosphorylated histone H1 and MBP were visualized after autoradiography and the intensities of the bands were analyzed by NIH Image (Ver. 1.58, National Institute of Health, USA). Experiments were repeated at least 3 times.
Immunoblotting
Micro-western blotting method [24] was used with several modifications. Thirteen oocytes were put in 2 µl of saline supplemented with 0.1% PVP, added 0.5 µl of 5 × Laemmli buffer [23] and denatured at 100 C for 5 min. SDS-PAGE was performed using modified 10% polyacrylamide gel composed of 375 mM Tris-HCl, 0.1% TEMED, 10% acrylamide, 0.13% Bis, 0.025% ammonium persulphate and 0.1% SDS. After SDS-PAGE, proteins were transferred to a polyvinylidiene fluoride membrane (AE-6660; Atto Co., Tokyo, Japan) and detected with anti-MAPK polyclonal antibody (K-23, Santa Cruz Biotechnology, Santa Cruz, CA) for detection of ERK1/2 which are major MAPKs in oocytes. Signals were detected by a blotting detection kit (Amersham Pharmacia Biotech) according to the manufacturer's instructions.
Statistical analysis
Student's t test was used for evaluation of the results. Probability of P<0.05 was considered to be statistically significant.
Results
Effects of U0126 on porcine oocyte maturation
In the present culture condition without U0126, GVBD occurred in 35% and 95% of porcine oocytes at 25 h and 30 h of culture, respectively, and 95% oocytes were at second metaphase at the end of 48h culture (data not shown). These rates were high enough comparing with previous reports [21, 25] . The effects of U0126 on phosphorylation states of MAPK during maturation were examined by western blotting with anti-MAPK antibody (Fig.  1A) . Two isoforms of MAPK, 44 kDa ERK1 and 42 kDa ERK2, were detected at GV stage (lane 1: GV) 
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and each of them shows non-phosphorylated inactive ERKs [7, 17, 26] . After 48 h of culture, these bands were shifted up (lane 7: M2), indicating phosphorylation and activation of ERKs at metaphase II stage. In the presence of 100 µM U0126, the ratio of the shift up bands at 48 h was clearly decreased (lane 6), although slight shift up bands were detected at 25 h and thereafter. These data suggest that U0126 suppresses the activity of MAPK in porcine oocytes, but incompletely, although the concentration of 100 µM which is extremely higher than that to suppress MAPK activity in cultured cells [18] .
To confirm the inhibitory effects of U0126 on MAPK activation and to examine the effects of MAPK suppression on MPF activity in porcine oocytes, both kinase activities were assayed (Fig.  1B) . In control oocytes, both kinase activities increased slightly at 25 h and reached maximal level at 30 h, corresponding well with the time course of GVBD. The addition of U0126 in the culture medium inhibited the activation of MAPK at 30 h, although the activity at 48 h was significantly higher than GV (0 h) oocytes. This kinetics of MAPK activity confirmed the incomplete inhibition of MAPK activation by U0126. It should be emphasis that the suppression of MAPK activation by U0126 significantly reduced the MPF activation which was observed at 30 h in the control oocytes. Indeed, the rate of GVBD (95%) was also suppressed to 42% by U0126 (Fig. 1C) . These results indicate the role of MAPK as the inducer of GVBD in porcine oocytes.
MAPK and MPF states in GV and M2 porcine oocytes cultured with U0126
As U0126 can not completely suppress the phosphorylation of MAPK, the relationship between activation of MAPK and GVBD was determined more clearly by classifying the GV and M2 stage oocytes after 48 h of culture in U0126 contained medium. Fig. 2A shows that there was no MAPK phosphorylation in the oocytes remained at GV stage (lane 2). Confirming this fact, almost no MAPK activation was observed in these oocytes having low MPF activity (Fig. 2B) . In contrast, the oocytes reached to M2 stage in spite of U0126 presence had shift up bands (Fig. 2A, lane 3) and elevated MAPK activity (Fig. 2B) , indicating the failure of MAPK inhibition by U0126. These results compatible with the idea that the activation of MAPK is required for MPF activation and GVBD in porcine oocytes. 
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Effects of U0126 on mouse oocyte maturation
As shown in Fig. 3 , also two MAPK bands were detected at 44 and 42 kDa in mouse oocytes at GV stage (lane 1) and they were shifted up at 8 h of culture without U0126 (lane 3) when almost oocytes were at first metaphase (data not shown). The phosphorylation of MAPK was suppressed (Fig.  3A, lane 2) and the activation of MAPK was inhibited (Fig. 3B ) by U0126 also in mouse oocytes as in porcine oocytes. In good contrast to porcine oocytes, however, MPF activity increased normally in the absence of MAPK activity (Fig. 3B ) and the rate of GVBD in oocytes cultured with U0126 was almost the same as that in control (Fig. 3C) . These results consistent with the analyses in mos deficient mice where MAPK activity was dispensable for MPF activation and GVBD [13] [14] [15] .
Effects of U0126 on maturation of denuded porcine oocytes
The involvement of cumulus cells in U0126 effects on porcine oocyte maturation was examined. Surprisingly, as shown in Fig. 4A , GVBD rate in the denuded porcine oocytes cultured for 48 h with U0126 was 91.7% and was not significantly different from control value (95.5%), although the rate was significantly decreased again in the cumulus-oocytes complex (COCs) cultured with U0126 (41.5%). In the case of denuded oocytes, phosphorylation of MAPK was not inhibited by U0126 and their shift up bands after 48 h culture in the presence of U0126 were the same as those in COCs cultured without U0126 as shown in Fig. 4B .
Discussion
In the present study we investigated the involvement of MAPK in the resumption of meiosis in porcine oocytes. To inhibit the activation of ERK1/2, major MAPKs in oocytes, we used U0126 which was reported to inhibit specifically MEK activity of somatic cells in vitro and in vivo [18, 19] . Our results showed that U0126 suppressed incompletely the phosphorylation and the activation of ERK1/2 in porcine oocytes. Furthermore, the suppression of ERK1/2 activation induced inhibitory effects on the activation of MPF and subsequently about half of the oocytes did not undergo GVBD. To confirm the relationship between MAPK activity and porcine oocyte maturation, we classified GV and M2 oocytes cultured in U0126 contained medium, and find that only M2 stage oocytes have phosphorylated and significantly activated MAPK whereas the activity in GV oocytes was not distinguishable from noncultured oocytes. These results strongly suggest that the only oocytes which have a MAPK activity higher than some threshold can activate MPF and undergone GVBD whereas the others having lower MAPK activity can not activate MPF and arrested 
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at GV stage. In Xenopus oocytes, it has been well accepted that MAPK acts as signal transducer of extracellular maturation signals and its activation is necessary and sufficient for activating MPF and inducing GVBD [11, 12] . The inhibition of MAPK activation in Xenopus oocytes by the injection of antisence mRNA of Mos protein, an upstream activator of MEK, suppresses MPF activation and subsequent GVBD completely [10] . In porcine oocytes, we previously showed that MAPK translocated into GV just before GVBD and the injection of MAPK into nucleus promoted GVBD, and suggested the sufficiency of MAPK in inducing GVBD [17] . Considering these reports and the present results together, it is strongly suggested that MAPK acts as signal transduction mediator present in upstream of MPF activation also in porcine oocytes. In mouse oocytes MAPK has been shown to be dispensable for GVBD, using mos deficient mouse oocytes where MAPK was not activated throughout maturation process [13] [14] [15] . The mechanism of meiotic resumption, however, may be different between mouse and porcine oocytes, because protein synthesis is required for GVBD in porcine oocytes, as in bovine, ovain and goat oocytes, but not required for mouse oocytes [27] . Therefore, we examined the effects of U0126 on mouse oocytes and the results was the same as the analyses in mos deficient mice; the MPF activation and GVBD are induced in the absence of MAPK activity. This data shows that U0126 did not suppress GVBD by nonspecific nor any toxical effects and further confirmed the consideration discussed above, the necessity of MAPK for GVBD in porcine oocytes.
A part of MAPK in porcine oocytes was phosphorylated and activated even in the presence of 100 µM of U0126, extremely higher than the effective dose in cultured cells [18, 19] . Although the reason is not clear at present, following factors might be involved. First, in the oocytes Mos protein, not Raf-1, acts as upstream activator of MEK and U0126 might be less effective on MEK activation by Mos. Indeed, PD98059, also known as an inhibitor of MEK activation by Raf-1 as U0126 [28] can not inhibit MEK nor MAPK phosphorylation in porcine oocytes in our preliminary experiments (data not shown). Second, as porcine oocytes contain numerous lipid granules and U0126 is lipophilic, the incorporation of U0126 into lipid granules might elicit its insufficient cytoplasmic concentration. Third the volume of oocyte is enormously bigger than that of cultured cells, therefore, the area of plasma membrane might not be enough to permeate sufficient amount of U0126 into cytoplasm. We also investigated the effect of U0126 on porcine denuded oocytes and found that U0126 did not prevent GVBD at all. In that case, the MAPK phosphorylation was also not suppressed by U0126 at all. These results show the necessity of cumulus cells for the effects of U0126 on the suppression of MAPK activation in porcine oocytes, and are not compatible with the third possibility. Therefore, one explanation of the role of cumulus cells was the increase of U0126 permeability into oocytes.
In conclusion, MAPK activation might be necessary for MPF activation and meiotic resumption of porcine oocytes, different from mouse oocytes in which MAPK activity is dispensable for these processes.
